Introduction
============

Alzheimer's disease (AD) presently affects more than 5 million Americans, and this number is projected to increase to 16 million by the year 2050.[@b1-vhrm-8-599] Diagnostic and therapeutic interventions that can prevent, delay the onset, or slow the progression of this form of dementia are urgently needed. AD is definitively diagnosed based on quantitative neuropathologic criteria reflecting the profuse deposition of amyloid plaques and neurofibrillary tangles. The prominence of these lesions has made them obvious therapeutic targets, but successful interventions to prevent or remove amyloid plaques have not had the anticipated commensurate impacts on dementia.[@b2-vhrm-8-599],[@b3-vhrm-8-599] It has been suggested that chronic brain hypoperfusion and consequent hypoxia/ischemia play a direct role in the pathogenesis of AD or promote the development of this dementia.[@b4-vhrm-8-599],[@b5-vhrm-8-599] A consensus is emerging that AD is a heterogeneous amalgam of multiple age-related neurodegenerative factors and vascular-associated pathologies.

It is irrefutable that a healthy cardiovascular system is indispensible for brain development, function, and survival. To meet metabolic demands efficiently, the blood flow to the brain needs to be approximately 750 mL per minute or about 50 mL/100 mL of brain tissue per minute.[@b6-vhrm-8-599],[@b7-vhrm-8-599] Cerebral perfusion pressure is primarily generated by an efficient cardiac output, patent elastic arterial walls modulated by the microvascular resistance of the brain, and adequate venous drainage. In addition, a series of hemorheologic events and conditions needs to be extant, such as adequate blood pressure, blood viscosity, blood flow velocity, and appropriate vascular resistance of the brain vasculature. In a recent report, Nation et al observed that elevated pulse pressure was correlated with the severity of cerebrovascular disease found post mortem.[@b8-vhrm-8-599] In a large brain perfusion study carried out by the Rotterdam Study group, it was found that individuals with low total brain perfusion showed significantly larger white matter lesion volumes relative to those with high total brain perfusion.[@b9-vhrm-8-599] Other epidemiologic studies have also found an association between decreased pulse pressure and the risk of AD.[@b10-vhrm-8-599]

Single-photon emission computed tomography and arterial spin labeling-magnetic resonance imaging perfusion studies, adjusted for related gray matter atrophy, have shown dysfunctional cerebral blood flow in individuals with AD.[@b11-vhrm-8-599]--[@b13-vhrm-8-599] The value of arterial spin labeling-magnetic resonance imaging, a promising technique for the quantification of cerebral blood flow, has been recently reviewed by Alsop et al.[@b14-vhrm-8-599] The consensus indicates that the parietal and frontal cortices, the precuneus, and the posterior cingulate are the predominant areas with altered cerebral blood flow in AD. The latter two brain regions reflect the global perfusion state of watershed areas because they are irrigated by terminal branches of the pericallosal artery, a branch from the anterior cerebral artery, and/or the posterior cerebral arteries.[@b15-vhrm-8-599] In general, a large body of data from in vivo functional imaging studies suggests that profound alterations in cerebral blood flow, glucose utilization, and oxidative metabolism are observable in the early stages of AD.[@b16-vhrm-8-599]--[@b24-vhrm-8-599] Magnetic resonance imaging measurements of brain atrophy and white matter hyperintensities, as well as diffusion tensor magnetic resonance imaging and cerebral blood flow estimated by arterial spin labeling-magnetic resonance imaging and/or two-dimensional phase-contrast magnetic resonance imaging (2D-PC MRI) are promising tools for the preclinical assessment and diagnosis of mild cognitive impairment and AD, and for longitudinal evaluation of therapeutic interventions deployed against dementia progression.

The cardiovascular contributions to vascular cognitive impairment and dementia have been recently reviewed by an authoritative study group representing the American Heart Association/American Stroke Association and endorsed by the American Academy of Neurology and the Alzheimer's Association.[@b5-vhrm-8-599] The group emphasized the need for transdisciplinary, translational, and transactional studies to understand better the complicated interactions that exist between vascular and AD pathologies.

In this preliminary study, we measured cerebral blood flow in the internal carotid, basilar, and middle cerebral arteries in a group of individuals with mild to moderate AD and compared the results with those from a group of age-matched nondemented control (NDC) subjects using 2D-PC MRI. We sought any potential correlation between cerebral blood flow volumes, pulse pressure, and cognitive measurements. A composite z-score for each individual in the study was performed by combining clinical, psychometric, hippocampal volumes, and hemodynamic data to evaluate and potentially discover correlations between cardiovascular parameters, brain morphology, and clinical information.

Materials and methods
=====================

Human subjects
--------------

Nine NDC individuals and eight subjects with mild to moderate AD participated in this study. The NDC cases were enrolled at the Brain and Body Donation Program of Banner Sun Health Research Institute, Sun City, Arizona.[@b25-vhrm-8-599] The AD subjects were recruited from the private practice of MNS. All protocols used in this study were approved by internal review boards at Banner Sun Health Research Institute and St Joseph's Hospital Medical Center. All individuals signed an informed consent form for the clinical and psychometric arms of the study, as well as for the magnetic resonance imaging scanning procedures. Demographic and clinical characteristics, including age, height, weight, body mass index, gender, apolipoprotein E genotype, and AD disease duration since onset of clinical symptoms are shown in [Table 1](#t1-vhrm-8-599){ref-type="table"}. The presence of hypertension and diabetes, as well as cardiovascular disease encompassing coronary artery disease (angioplasty, stenting, coronary artery bypass graft), myocardial infarction, angina, atrial fibrillation, arrhythmias, valvulopathy, cardiomyopathy, and peripheral vascular disease was also investigated, and the results for each subject in the study are given in [Table 1](#t1-vhrm-8-599){ref-type="table"}. The presence or absence of cardiovascular-related diseases is given in a binary format suitable for statistical analysis. Systolic and diastolic blood pressures, pulse pressure, and pulse rate are shown in [Table 2](#t2-vhrm-8-599){ref-type="table"}. A detailed list of past and present medical history and list of medications taken by each of the individuals involved in this study is shown in [Table 3](#t3-vhrm-8-599){ref-type="table"}.

The diagnosis for all participants was made by consensus with a physician and neuropsychologist. The NDC cohort had no demonstrable cognitively based limitations of activities of daily living, had intact cognition based upon neuropsychologic assessment, and a clinical dementia rating of 0. Subjects had at least a 6th grade education or work history exclusive of mental disabilities. Prospective interview of the participant and a medical records review were used to exclude anyone with a brain-related neurologic or significant psychiatric illness. Examples of excluded conditions included Parkinson's or other neurodegenerative diseases, mental disability, epilepsy, cerebral infarction or hemorrhage, multiple sclerosis, brain tumor, major depressive disorder (unipolar or bipolar), schizophrenia, traumatic brain injury, and substance abuse/dependence. Subjects diagnosed with delirium (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition) or with conditions such as blindness/deafness were also excluded. The AD subjects met the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for a clinical diagnosis of probable or possible AD.[@b26-vhrm-8-599]

Psychometric testing
--------------------

All subjects involved in the study were psychometrically tested using: the Mini-Mental State Examination (MMSE) for measuring working memory, language, praxis, orientation, and memory;[@b27-vhrm-8-599] the Functional Assessment Staging (FAST) test that contains 16 stages, with stage 1 marking no difficulties for the patient and stage 7 (f) describing a patient who is unable to hold his/her head up;[@b28-vhrm-8-599],[@b29-vhrm-8-599] and the Clock Drawing Test for assessment of visuospatial functions, receptive language, numeric knowledge, working memory, and executive functions. This measure is scored on a 10-point scale, with lower scores reflecting greater impairment.[@b30-vhrm-8-599],[@b31-vhrm-8-599] Global and functional assessments were performed by investigators blinded to the motor and cognitive scores. The results of the psychometric evaluations are shown in [Table 1](#t1-vhrm-8-599){ref-type="table"}.

MRI
---

All scans were performed at the Keller Center for Imaging Innovation located on the campus of St Joseph's Hospital and Medical Center in Phoenix, Arizona, using a GE (General Electric Healthcare, Waukesaha, WI) Signa HD× 3T system (revision 14.0) employing an eight-channel head coil. Subjects provided their informed consent prior to scanning as per the approved study institutional review board. After patient landmarks were obtained, a three-plane localizer scan was performed, followed by a low-resolution two-dimensional dataset acquired for ASSET (array spatial and sensitivity encoding technique) calibration (parallel imaging). A magnitude-only three-dimensional time of flight (TOF) magnetic resonance imaging was performed axially, using ASSET to accelerate the scan. This provided a detailed view of the patient vasculature in order to prescribe the subsequent two-dimensional phase contrast flow scans. The parameters of the three-dimensional TOF magnetic resonance imaging were (axial, field of view = 18.0 cm, locs = 32, BW = 31.25 kHz, TE = min, TR = 21.0 msec, res 384 × 224 in-plane, fat sat, slice accel = 1.0, phase accel = 2.0, superior sat, excitation used ramp pulse, images reconstructed to 512). Total scan time was 8 minutes and 9 seconds. This was followed by a two-dimensional phase contrast slice, with through-plane phase contrast flow encoding. The two-dimensional slice was oriented orthogonal to each vessel location as identified in the previous three-dimensional TOF magnetic resonance imaging scan. A total of five vessel measurements (separate scans) were made using this sequence: basilar artery, right and left internal carotid arteries, and right and left middle cerebral arteries. Total cerebral blood flow was calculated by adding the right and left internal carotid arteries and basilar artery flow values. The scan parameters for this sequence were: two-dimensional, CINE, flow comp, flip = 20, field of view = 14.0, thick = 5 mm, BW = 62.50, resolution 128 × 128, 16 phases, TE = min, TR = 18 msec, NEX = 1, venc = 100 cm/sec. Because the scans are synchronized to the patient heartbeat, with 16 cardiac phases acquired, the scan time was variable for each patient, but on the order of 2 minutes for each two-dimensional acquisition. Subsequently, a volumetric T1 scan was obtained, by standard three-dimensional IR-SPGR with a scan time of 8 minutes and 8 seconds. Scan parameters were sagittal, TI = 450, flip = 8, field of view = 26.0, TE = min, TR = 900 msec, slices = 170, thick = 1.2 mm, BW = 31.25 kHz, freq = 224, phase = 224, NEX = 0.75. Finally, a volumetric T2 scan was obtained using a prototype three-dimensional fast spin-echo scan (now commercially available). Scan time was 6 minutes and 6 seconds, with scan parameters set as follows: FRFSE-XL, fast-recovery; field of view = 26.0, slices = 128, thick = 1.2, TE = minutes, TR = 6200 msec, BW = 31.25 kHz, freq = 224, phase = 224.

The 2D-PC MRI flow data collected were processed using the ReportCard™ analysis software provided by the scanner vendor (General Electric Healthcare). Phase contrast results from the 2D-PC MRI datasets were loaded into the software, which automatically plots the velocities of each of 16 cardiac phases (time points over the heartbeat). This plot of the velocities over the cardiac cycle was then analyzed by integrating the area of the velocity curve over the vessel area, which determines flow and is in a superior and outward direction for the arteries of interest in the brain. This value was recorded as the flow value for each of the measured arteries in mL per minute.

Voxel-based morphometry and FreeSurfer image analyses
-----------------------------------------------------

We used the SPM8 (<http://www.fil.ion.ucl.ac.uk/spm/>) voxel-based morphometry version 8 (VBM8) toolbox to process the volumetric T1 magnetic resonance imaging data to generate segmented gray matter images for each study participant and to deform them into the Montreal Neurological Institute brain template coordinate space. We examined the difference in regional gray matter volumes between AD patients and NDC subjects in the parahippocampus and hippocampal regions using the family-wise error correction procedure to correct for multiple comparisons in the regions. In addition to this voxel-based analysis, we also estimated the hippocampal volumes. To do this, we used FreeSurfer software (surfer.nmr.mgh.harvard.edu/) to perform cortical reconstruction and volumetric segmentation, as described previously.[@b32-vhrm-8-599]--[@b43-vhrm-8-599] Briefly, this FreeSurfer processing includes removal of nonbrain tissue using a hybrid watershed/surface deformation procedure,[@b43-vhrm-8-599] automated Talairach transformation, segmentation of the subcortical white matter and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen, ventricles),[@b36-vhrm-8-599],[@b37-vhrm-8-599] intensity normalization,[@b44-vhrm-8-599] tessellation of the gray matter-white matter boundary, automated topology correction,[@b35-vhrm-8-599],[@b45-vhrm-8-599] and surface deformation following intensity gradients for optimal placement of the gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the transition to the other tissue class.[@b32-vhrm-8-599]--[@b34-vhrm-8-599] FreeSurfer morphometric procedures have been demonstrated to show good test-retest reliability across scanner manufacturers and across field strengths.[@b41-vhrm-8-599] We examined the differences between the two groups in terms of the absolute hippocampal volume and in terms of the relative volumes as the percentage of total intracranial volume.

Pulse pressure
--------------

Right and left brachial artery blood pressures were obtained with each subject in the seated position after 5 minutes of rest. The difference between the systolic and diastolic pressures was defined as pulse pressure.

Apolipoprotein E genotyping
---------------------------

Samples of cells were collected from each participant by rubbing a SK-1 swab (Isohelix Inc, London, UK) on the inside of cheeks for 30--60 seconds. The swab was broken off into a collecting tube, immediately stored at −20°C, and processed in a single batch. DNA was isolated from each swab using the Isohelix DNA isolation kit. In brief, a proteinase K solution was added directly to each tube and samples were digested for one hour at 37°C. The liquid was recovered, transferred to new tubes, and DNA was precipitated with equal volumes of isopropanol. DNA was recovered by centrifugation and dissolved in Tris-ethylenediamine tetra-acetic acid buffer. Yields of DNA ranged from 2--6 μg per sample. DNA (0.5 μg) from each sample was used for polymerase chain reaction amplification using specific primers. The genotype of each case was identified by the gel electrophoresis pattern of DNA bands following digestion with the Hhal restriction enzyme.[@b46-vhrm-8-599]

Statistical analysis and composite z-score
------------------------------------------

A composite z-score integrating several parameters, including total cerebral blood flow (the sum of the right and left internal carotid arteries and basilar artery flow values), pulse pressure (numeric difference between systolic and diastolic blood pressure), body mass index, Clock Draw, and MMSE was calculated. Also included in the composite z-score were FreeSurfer volumetric magnetic resonance imaging values for left hippocampal volume, right hippocampal volume, 1000\* relative left hippocampal volume, 1000\* relative right hippocampal volume, and total hippocampal volume. The raw scores for each parameter were converted into z-scores, and an average of all the z-scores was calculated for each individual. This average is referred to as the composite z-score. Z-scores for each parameter were calculated by subtracting the NDC group mean from the raw score and dividing by the standard deviation of the NDC group. The directionality of each variable was considered so that the z-score reflected whether an increase or decrease in the variable would be indicative of AD.

Given that the sample size for each clinical group was relatively small, the nonparametric Kruskal-Wallis test was used for group comparisons. The Kruskal-Wallis test was used to discern group differences in composite z-score between the AD and NDC groups, with statistical significance determined by *P* values of ≤ 0.05. Similar analyses were also conducted to determine if the composite z-score differed significantly by gender and apolipoprotein E ɛ4 carrier status. In addition, correlation analysis between pulse pressure, body mass index, and cerebral blood flow variables was carried out to determine the degree of association between these variables. Chi-square analyses were performed to determine if significant differences in gender and apolipoprotein E ɛ4 frequency were present in the study sample.

Results
=======

The demographic and clinical characteristics of the study sample are displayed in [Table 1](#t1-vhrm-8-599){ref-type="table"}. The AD and NDC groups did not differ significantly with respect to age (Kruskal-Wallis = 0.002, *P* = 0.96). There were no significant differences in gender frequency (χ^2^ = 2.49, df = 1, *P* = 0.11); however, the proportion of apolipoprotein E ɛ4 carriers in the AD group was significantly greater than in the NDC group (χ^2^ = 4.90, df = 1, *P* = 0.03). The mean body mass index in the AD and NDC populations was almost identical ([Table 1](#t1-vhrm-8-599){ref-type="table"}). Group comparisons of MMSE, FAST, and Clock Draw demonstrated significant statistical differences in the expected directions ([Table 1](#t1-vhrm-8-599){ref-type="table"}) between the two study groups.

Cardiovascular disease was the most prevalent pathology among the study participants, with only one individual in each group (AD patient 7 and NDC patient 16) free of cardiovascular-related ailments ([Table 1](#t1-vhrm-8-599){ref-type="table"}). Twelve of the 17 individuals in the study suffered from hypertension ([Table 1](#t1-vhrm-8-599){ref-type="table"}). We observed a significant difference in mean systolic blood pressure between the AD and NDC subjects (*P* = 0.05), resulting in a lower pulse pressure in the AD group (mean AD 48 versus mean NDC 71; *P* = 0.0004, [Table 2](#t2-vhrm-8-599){ref-type="table"}). Interestingly, there were no statistically significant differences in pulse rate or diastolic blood pressure between the two groups (*P* = 0.15 and *P* = 0.35, respectively). All subjects with hypertension were receiving antihypertensive therapy, ie, calcium channel blockers, beta-blockers, angiotensin-converting enzyme inhibitors, and/or angiotensin receptor blockers ([Table 3](#t3-vhrm-8-599){ref-type="table"}).

In order to assess cerebral blood flow in our AD and NDC subjects, 2D-PC MRI measurements (mL per minute) were taken from the basilar, right and left internal carotid, and right and left middle cerebral arteries ([Table 2](#t2-vhrm-8-599){ref-type="table"}). Mean cerebral blood flow values for each of the arteries studied were lower in the AD group than in the NDC group ([Table 2](#t2-vhrm-8-599){ref-type="table"}). The left internal carotid, and right and left middle cerebral arteries, as well as total cerebral blood flow, represented by addition of the basilar artery and left and right internal carotid artery, showed statistically significant group differences ([Table 2](#t2-vhrm-8-599){ref-type="table"}). Mean total cerebral blood flow in the NDC population was 743 mL per minute, which is within the expected range for normal blood flow. In contrast, the AD group had a mean value of 610 mL per minute, representing about 20% less than the mean NDC value, suggesting reduced brain perfusion in the AD group. Because our sample numbers were small, we carried out further statistical analyses of the individual arteries and found the following: left internal carotid artery \[Kruskal-Wallis = 8.90 (df = 1), *P* = 0.003\]; right internal carotid artery \[Kruskal-Wallis = 4.08 (df = 1), *P* = 0.04\]; left middle cerebral artery \[Kruskal-Wallis = 1.82 (df = 1), *P* = 0.18\]; right middle cerebral artery \[Kruskal-Wallis = 8.03 (df = 1), *P* = 0.005\]; and basilar artery (Kruskal-Wallis = 0.15 (df = 1), *P* = 0.70).

Correlations of pulse pressure with body mass index and cerebral blood flow variables are shown in [Table 4](#t4-vhrm-8-599){ref-type="table"}. Pulse pressure was moderately correlated with all cerebral blood flow measures, with the exception of the basilar artery, which showed a weak correlation. Body mass index did not correlate with pulse pressure ([Table 4](#t4-vhrm-8-599){ref-type="table"}). Statistical correlations between pulse pressure, MMSE, and Clock Draw, as well as correlations between arterial blood flow, MMSE, and Clock Draw are shown in [Table 5](#t5-vhrm-8-599){ref-type="table"}, and with the exception of the basilar and right middle cerebral artery, all values are moderately correlated.

To determine if apolipoprotein E ɛ4 carrier status has any effect on pulse pressure and total brain blood flow, a nonparametric Kruskal-Wallis test was used for both comparisons, revealing no significant difference in total brain blood flow \[Kruskal-Wallis = 1.46 (df = 1), *P* = 0.23\]. However, pulse pressure was significantly different between apolipoprotein E ɛ4 carriers and noncarriers \[Kruskal-Wallis = 8.03 (df = 1), *P* = 0.005\], with apolipoprotein E ɛ4 noncarriers having higher pulse pressure.

Voxel-based morphometry found that AD subjects had significantly less volume than NDC subjects in the left para-hippocampal region (uncorrected *P* \< 0.001 and corrected *P* = 0.021). FreeSurfer volumetric analyses were also carried out, and it was found that AD subjects had significantly less volume in both the right and left hippocampal regions ([Table 6](#t6-vhrm-8-599){ref-type="table"}). Intracranial volume was not significantly different between the AD and NDC groups (*P* = 0.23)

The blood flow data of the individual arteries were combined with other measures in order to characterize more accurately the contribution of other cardiovascular variables to our overall hypothesis. For a final statistical analysis of clinical, psychometric, morphometric, and hemodynamic data, a composite z-score including several parameters (total cerebral blood flow, pulse pressure, hippocampal volume, body mass index, Clock Draw, and MMSE) was calculated. Composite z-scores in between-group analyses yielded a statistically significant difference between the AD and NDC groups, with the AD group being significantly lower \[Kruskal-Wallis = 12.00, df = 1, *P* = 0.001\]. The magnitude of the difference between the AD and the NDC groups on the composite z-score was large (Cohen's *d* = 3.59). A plot of the individual composite z-score is displayed in [Figure 1](#f1-vhrm-8-599){ref-type="fig"}. No significant difference on composite z-score was found for gender \[Kruskal-Wallis = 2.14, df = 1, *P* = 0.14\]. However, apolipoprotein E ɛ4 carrier status did show a significant difference, with apolipoprotein E ɛ4 carriers having lower composite z-scores \[Kruskal-Wallis = 6.31, df = 1, *P* = 0.01\]. The observed overlap in composite z-scores may represent an ideal opportunity to test the hypothesis in a longitudinal study that individuals in the NDC group exhibiting negative composite z-scores are on a trajectory of swift decline into a clinically demented status.

Discussion
==========

These data suggest that our AD group had a lower mean pulse pressure than the NDC subjects, and apolipoprotein E ɛ4 noncarriers had higher pulse pressures than apolipoprotein E ɛ4 carriers. Cerebral blood flow was reduced in AD when compared with NDC individuals, and decreased total cerebral blood flow correlated with cognitive dysfunction. In addition, the AD cohort had lower hippocampal volumes than NDC cases, and the NDC group had higher composite z-scores than the AD subjects. Within the limitations of this study, we discovered some important trends that need to be investigated, in conjunction with other cardiovascular and neurologic risk factors, in a properly powered longitudinal study to establish a brain/cardiovascular fitness index that may aid in the diagnosis of AD.

Higher systolic and pulse pressures have been associated with better cognitive performance in patients with probable AD.[@b47-vhrm-8-599] Subclinical dysfunctional heart disease may result in decreased cardiac output that may lead to lower pulse pressure in AD patients. Impaired left ventricular diastolic filling efficiency, as assessed by vortex formation time and detected by echocardiography, was significantly decreased in AD patients compared with NDC subjects.[@b48-vhrm-8-599] These findings suggest that intraventricular blood conveyance is suboptimal in AD and that left ventricular diastolic dysfunction is related to cognitive deficits.[@b48-vhrm-8-599] Decreased pulse pressure could be part of the pathogenesis of AD and/or synergistically contribute to the development of this neurodegeneration, given that oligemic and hypoxic changes in the AD brain may also result from destruction of the vasoactive brain centers that regulate cerebral perfusion.[@b49-vhrm-8-599] In the elderly, low pulse pressure may also be the consequence of antihypertensive overmedication that results in iatrogenic brain hypoperfusion.

A pathologic complication of hypertension is the development of diffuse microvascular disease.[@b50-vhrm-8-599]--[@b52-vhrm-8-599] Investigation of the functional conditions of the brain circulation in AD patients by transcranial Doppler ultrasonography of cerebral arteries demonstrated an increased pulsatility index, symptomatic of diffuse microvascular disease, and lower mean flow velocities than subjects with NDC or mild cognitive impairment.[@b53-vhrm-8-599],[@b54-vhrm-8-599] In addition, Doppler ultrasound studies have demonstrated a considerable decrease in diastolic velocity along the common and internal carotid arteries in individuals with AD compared with NDC,[@b53-vhrm-8-599] suggesting reduced compliance in the elasticity of these arteries.

Brain hypoperfusion can be triggered or complicated by cardiovascular-related diseases, including stroke, cerebral infarction, hypertension, hypotension, coronary artery disease, myocardial infarction, valvulopathy, arrhythmia, cardiomyopathy, atherosclerosis, arteriosclerosis, diabetes, obesity, and smoking.[@b4-vhrm-8-599],[@b5-vhrm-8-599],[@b55-vhrm-8-599]--[@b60-vhrm-8-599] The presence of lacunar infarcts and strokes may prompt the onset of dementia or worsen the clinical course of AD,[@b61-vhrm-8-599]--[@b64-vhrm-8-599] clearly demonstrating that deficiencies in cerebral blood flow are involved in the global pathogenesis of cognitive decline. Arterial stenosis and loss of elastic compliance of the carotid/vertebral vessels, circle of Willis, and major brain arteries, as well as arteriolar and capillary loss are major factors contributing to sustained brain hypoperfusion.[@b56-vhrm-8-599],[@b65-vhrm-8-599] Recent pathologic observations by our group and others have suggested that atherosclerosis in the circle of Willis is significantly more extensive in AD when compared with an NDC population.[@b66-vhrm-8-599]--[@b71-vhrm-8-599] Atherosclerosis, arteriosclerosis, and calcification of arterial walls have been related to cerebral infarcts and increased white matter lesions.[@b72-vhrm-8-599] In addition, atherosclerotic calcification measured by computed tomography was found to be associated with impaired cognitive function and decreased brain volume.[@b73-vhrm-8-599] Atherosclerosis also creates increased peripheral resistance and consequent age-related elevations in systolic, diastolic, and pulse pressures, leading to brain hypoperfusion and dementia.[@b10-vhrm-8-599],[@b74-vhrm-8-599],[@b75-vhrm-8-599] Low systolic and diastolic pressures have also been associated with dementia.[@b76-vhrm-8-599]--[@b78-vhrm-8-599] In older adults, chronic hypoperfusion caused by lower cardiac output has been correlated with white matter hyperintensities and abnormal brain aging.[@b79-vhrm-8-599],[@b80-vhrm-8-599] Poor ventricular ejection volume, compounded by loss of arterial compliance, can lower pulse pressure, resulting in deficient brain perfusion and cognitive damage. These harmful pathophysiologic hemodynamic changes are compounded by architectural lesions in the brain microvasculature of AD subjects, as recently demonstrated by our laboratory.[@b81-vhrm-8-599]

We recognize that atherosclerosis causes increased peripheral resistance and hence an increase in pulse pressure. Many AD patients, but not all when considered individually, have increased peripheral resistance as reflected by an increased pulsatility index on transcranial Doppler ultrasound resulting from diffuse small vessel disease.[@b53-vhrm-8-599] On average, patients with AD have more extensive atherosclerosis, but a considerable number of cases have a minimal amount.[@b71-vhrm-8-599] On the other hand, aging in apparently healthy patients causes an elevation in pulse pressure resulting from increased peripheral resistance due to microvascular lesions and loss of compliance. However, The Baltimore Longitudinal Study of Aging has shown that a number of apparently healthy people 80 years and older have pulse pressures of 40 mmHg or even lower.[@b82-vhrm-8-599] In summary, AD and other dementia syndromes are multifaceted and very heterogeneous maladies associated with general physical decay.

The fact that systolic and pulse pressure are diminished in the AD group may give the impression of better cardiovascular system conditions. However, the population we examined was an elderly one (mean age 81 years). As a result of atherosclerosis and arteriosclerosis, which are universal in this age group, blood flow to the brain decreases with age and needs to be compensated by an increase in cardiac output which elevates systolic pressure to maintain adequate brain perfusion. Therefore, low pressures do not always represent a healthier status and may result in chronic cerebral metabolic failure, while a slightly compensatory increase in systolic pressure may lead physiologically to better brain and organ perfusion. We recognize the difficult question as to whether deficient cerebral blood flow is a primary cause or consequence of AD. This issue has enormous significance in the context of understanding the pathophysiology AD and in the development of therapeutic interventions.

Conclusion
==========

The significance of cardiovascular disease and brain hypoperfusion, and their potential impact on disabling neurodegenerative disease, is of paramount epidemiologic importance due to an anticipated explosive increase in the number of individuals over 65 years of age, that will dramatically grow from about 40 million at present to 88.5 million by the year 2050.[@b83-vhrm-8-599] The increasing degenerative processes and inability to repair the cardiovascular system observed in the aging population can result in atherosclerosis, arteriosclerosis, arterial stiffness, and endothelial dysfunction, with damage to the blood-brain barrier and brain function. In addition, altered systolic and diastolic pressures and damaged myocardial and valvular performance may impinge on cardiac output. These factors inevitably have a deleterious effect on brain perfusion, resulting in harmful ischemia/hypoxia and neuronal and glial injury. Cardiovascular disease and concomitant failure of cerebrovascular function are major players in the pathogenesis of dementia or at least synergistically participate in the pathophysiology of the disorder. Our data clearly demonstrate significant hemodynamic alterations between AD and NDC subjects. Although limited in size, our pilot data suggest interesting correlations involving cognitive performance, cerebral blood flow, hippocampal volumes, and pulse pressure. We propose to extend this exploratory effort to develop robust cardiovascular indicators of dementia risk or emergence. These observations may have immediate practical implications for dementia management and prevention.
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###### 

Demographic, psychometric data, and comorbidities in Alzheimer's disease and nondemented control subjects

  Case ID                                       AD n = 8   NDC n = 9   *P*                                                                                                   
  --------------------------------------------- ---------- ----------- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----------
  **Epidemiologic data**                                                                                                                                                     
  Age                                           75         81          68    84    79    91    86    86    81    83    87    83    83    82    77    68    87    83    81    0.9519
  Height (in)                                   69         68          60    63    64    65    65    68    65    65    63    66    58    69    68    63    59    72    65    0.8950
  Weight (lbs)                                  188        214         118   178   157   202   126   156   167   127   127   174   99    207   154   216   169   171   161   0.7091
  BMI                                           28         33          23    32    27    34    21    24    28    21    22    28    21    31    23    38    35    23    27    0.7893
  Gender                                        M          M           F     M     F     M     F     M     --    F     F     F     F     M     F     F     F     M     --    --
  ApoE genotype                                 3/4        3/4         3/3   3/3   3/4   3/4   3/3   2/4   --    3/4   3/3   3/3   3/3   3/3   3/3   3/3   3/3   3/3   --    --
  Disease duration (years)                      22         6           2     16    6     5     10    5     9     N/A   N/A   N/A   N/A   N/A   N/A   N/A   N/A   N/A   --    --
  **Cognitive status**                                                                                                                                                       
  MMSE                                          21         15          18    23    21    18    24    29    21    30    27    29    29    30    29    29    30    29    29    0.0001
  FAST                                          4          6           5     4     4     4     3     3     4     1     1     1     2     1     2     2     2     1     1     \<0.0001
  Clock Draw                                    7          5           3     10    7     9     9     8     7     10    8     8     10    10    10    10    10    9     9     0.0184
  **CV and metabolic status 1 = yes; 0 = no**                                                                                                                                
  CV disease                                    1          1           1     1     1     1     0     1     --    1     1     1     1     1     1     0     1     1     --    --
  Hypertension                                  1          1           1     1     1     0     0     1     --    1     1     0     0     1     1     0     1     1     --    --
  Diabetes                                      0          1           0     0     0     1     0     0     --    0     0     0     0     0     0     0     0     1     --    --

**Notes:** Case 8, an AD participant, had an MMSE score of 29. Although this score falls within the normal range of MMSE, it is not uncommon for individuals with clinical dementia to obtain normal scores on this test. This is particularly true of individuals with high educational and intellectual attainment.

**Abbreviations:** AD, Alzheimer's disease; NDC, nondemented control; BMI, body mass index; ApoE, apolipoprotein E; MMSE, Mini-Mental state examination; FAST, Functional Assessment Staging Tool; CV, cardiovascular; M, male; F, female. *P* = unpaired, 2-tailed, *t*-test.

###### 

Clinical and hemodynamic data in Alzheimer's disease and nondemented control subjects

  Case ID                                AD n = 8   NDC n = 9   *P*                                                                                                                                
  -------------------------------------- ---------- ----------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------ ------- ------ ------- ------ ------ ------- ------ ---------
  **Heart rate and blood pressure**                                                                                                                                                                
  Systolic BP                            128        102         116     122     126     118     128     128     121     106     104     174    154     145    160     144    138    130     139    0.0533
  Diastolic BP                           88         54          70      74      80      68      72      82      74      60      50      80     74      72     85      70     66     60      69     0.3532
  Pulse pressure                         40         48          46      48      46      50      56      46      48      46      54      94     80      73     75      74     72     70      71     0.0004
  Pulse rate                             52         60          70      68      58      64      66      68      63      66      66      66     60      74     70      90     58     72      69     0.1541
  Recumbent pulse rate                   55         60          60      46      62      85      68      81      65      76      60      58     58      63     63      73     59     60      63     0.7964
  Mean arterial pressure                 108        78          93      98      103     93      100     105     97      83      77      127    114     109    123     107    102    95      104    0.3262
  **2D-PC MRI blood flow (mL/minute)**                                                                                                                                                             
  BA                                     192        126         158     102     75      157     119     105     129     123     148     196    181     236    97      109    85     108     143    0.5596
  Right ICA                              278        257         210     253     278     302     276     234     261     316     221     361    252     406    369     256    371    254     312    0.0678
  Left ICA                               280        181         201     216     225     224     190     239     220     229     255     243    301     312    294     320    388    253     288    0.0041
  Right MCA                              115        133         131     169     166     122     146     101     135     105     172     242    140     183    124     169    203    183     169    0.0622
  Left MCA                               94         81          103     133     143     118     199     144     127     137     113     179    138     220    131     139    177    143     153    0.1419
  Right + left MCA                       209        214         234     302     309     241     344     244     262     242     285     421    278     404    255     308    380    326     322    0.0524
  tCBF                                   750        563         570     572     578     683     586     579     610     668     624     799    734     955    760     685    843    616     743    0.0103
  Composite z-score                      −1.81      −3.04       −3.01   −1.17   −1.86   −1.80   −1.12   −0.98   −1.85   −0.51   −0.99   0.38   −0.10   0.93   −0.16   0.14   0.69   −0.38   0.00   \<0.001

**Abbreviations:** AD, Alzheimer's disease; NDC, nondemented control; BP, blood pressure; 2D-PC MRI, 2-dimensional phase-contrast magnetic resonance imaging; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; tCBF, total cerebral blood flow; *P* = unpaired, 2-tailed, *t*-test.

###### 

Health conditions of study subjects and current medications

  Case ID             
  ------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1                   AD
  Health conditions   AF, angioplasty, CABG, CAD, coronary stenting, HL, HT, OA, sleep apnea, TBI w/o LOC (2010)
  Medications         Aricept®, aspirin, digoxin, ferrous sulfate, furosemide, hydralazine, lisinopril, metoprolol, multivitamins, Namenda^®^, Omega-3, KCl, sertraline, Zocor^®^
  2                   AD
  Health conditions   AF, chronic renal insufficiency, DM, fatty liver, HT, melanoma of right eye requiring radiation, paraproteinemia, proteinuria
  Medications         Actos^®^, Aricept^®^, aspirin, Lasix^®^, Levemir^®^, lisinopril, multivitamins, Namenda^®^, Prozac^®^, Risperdal^®^
  3                   AD
  Health conditions   Anxiety, CABG, CAD, defibrillator, depression, HT, hypercholesterolemia, MI, osteoporosis, PTCA with stents, rheumatoid arthritis, systemic lupus erythematosus
  Medications         Aricept^®^, vitamin B12, Cozaar^®^, Dilacor^®^, hydrocodone
  4                   AD
  Health conditions   Angiography with angioplasty carotid artery, benign prostatic hypertrophy, CAD, HT, MI, transurethral resection of prostate
  Medications         Aricept^®^, aspirin, diltiazem, multivitamins, Namenda^®^, Niaspan^®^, Plavix^®^, Prozac^®^, simvastatin
  5                   AD
  Health conditions   HT, hypercholesterolemia,
  Medications         Advil^®^, aspirin, Diovan^®^, Excelon^®^, Fosamax^®^, multivitamin, Namenda^®^, Toprol^®^, Vesicare^®^, vitamin E, Zocor^®^
  6                   AD
  Health conditions   AF, bradycardia, diet-controlled DM, heart murmur, hypothyroidism, OA
  Medications         Aricept^®^, aspirin, Coumadin^®^, Detrol^®^, Exelon^®^, Lexapro^®^, Namenda^®^, Tofranil^®^
  7                   AD
  Health conditions   Cancer, diverticulosis, osteoporosis
  Medications         Acidophilus, aspirin, B complex, Caltrate^®^, Citracal^®^, Evista^®^, glucosamine + chondroitin, K-flex^®^, multivitamins, Namenda^®^, Razadyne^®^, vitamin D
  8                   AD
  Health conditions   AF, arthritis, CAD, cholecystectomy, concussion, COPD, glaucoma, HT, osteoporosis, sleep apnea
  Medications         Aricept^®^, Azmacort^®^, Clarityne^®^, Coumadin^®^, Fosamax^®^, lisinopril, Namenda^®^, Zoloft^®^, Zyrtec^®^
  10                  NDC
  Health conditions   Angina, breast cancer, HL, HT, hypothyroidism, migraine, OA
  Medications         Calcium citrate + multivitamins, Cardizem^®^, levothyroxine, omeprazole, pilocarpine, Xalatan^®^, Zocor^®^
  11                  NDC
  Health conditions   Cataract, back pain, essential tremor, hearing impairment, HL, HT, hyperthyroidism, stress incontinence
  Medications         Atenolol, Ditropan^®^, enalapril, Zocor^®^
  12                  NDC
  Health conditions   Abdominal aneurysm, back pain, Bell's palsy, essential tremor, hearing impairment, hypercholesterolemia, hypothyroidism, osteoporosis, OA, vitamin B12 deficiency
  Medications         Aspirin, calcium citrate + vitamin D, fish oil, Fosamax^®^, levothyroxine, multivitamins, Tylenol^®^, vitamin B12, vitamin C, Zocor^®^
  13                  NDC
  Health conditions   Hypercholesterolemia, osteoporosis
  Medications         Calcium citrate + vitamin D, fish oil, flax seed oil, Metamucil^®^, multivitamins
  14                  NDC
  Health conditions   DM type 2, cataract, HT, macular degeneration, OA, prostate cancer, prostatectomy, total knee arthroplasty, urinary incontinence, valve replacement
  Medications         Allopurinol, aspirin, fish oil, folic acid, glipizide, Januvia^®^, multivitamins, Ocuvite^®^, potassium citrate, Toprol^®^
  15                  NDC
  Health conditions   Cataract, chronic bronchitis, degenerative joint disease, depression, fibromyalgia, HL, HT, osteoarthritis, osteoporosis, peripheral neuropathy, RLS, rotator cuff repair, sciatica, syncope, Valley fever
  Medications         Acidophilus, Aleve^®^, aspirin, chondroitin + glucosamine, Citrucel^®^, Cymbalta^®^, Diovan^®^, fish oil, folic acid, levothyroxine, Lopid^®^, melatonin, multivitamin, selenium, vitamin B complex, vitamin D
  16                  NDC
  Health conditions   Allergy (NOS), asthma, meningitis, restless leg syndrome, TBI?
  Medications         Ambien^®^, Aspir-Low^®^, Bumex^®^, calcium, Citrucel^®^, coenzyme Q10, Klor-Con^®^, Premarin^®^, Singulair^®^, vitamin B complex, vitamin C, vitamin D
  17                  NDC
  Health conditions   CAD, cholecystectomy, herniorrhaphy, hypercholesterolemia, irregular arrhythmia, nerve resection for dysphonia, PTCA with angioplasty, spasmodic dysphonia
  Medications         Lipitor^®^, atenolol, aspirin, tramadol, Prozac^®^, Effexor^®^, lisinopril, iron, Dulcolax^®^, Celexa^®^, Detrol^®^
  18                  NDC
  Health conditions   CAD, cataract extraction, cardiomyopathy (NOS), coronary stenting, COPD, benign prostatic hyperplasia, depression, DM type 2, HT, hypothyroidism, MI, PLMS, post polio syndrome, Valley fever
  Medications         Aspirin, Plavix^®^, Prinivil^®^, Coreg^®^, Aciphex^®^, Lantus^®^, albuterol, multivitamins, Lipitor^®^, amlodipine, fexofenadine, Synthroid^®^, clonazepam, Nasacort^®^, Humalog^®^, finasteride, calcium

**Abbreviations:** AD, Alzheimer's disease; AF, atrial fibrillation; CABG, coronary artery bypass graft; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; HL, hyperlipidemia; HT, hypertension; LOC, loss of consciousness; NDC, nondemented control; NOS, not otherwise specified; OA, osteoarthritis; PTCA, percutaneous transluminal coronary angioplasty; RLS, restless legs syndrome; TBI, traumatic brain injury.

###### 

Correlation of pulse pressure with BMI and cerebral blood flow variables

              Pulse pressure
  ----------- ----------------
  BMI         0.09
  BA          0.24
  Right ICA   0.52
  Left ICA    0.55
  Right MCA   0.57
  Left MCA    0.54
  tCBF        0.62

**Abbreviations:** BMI, body mass index; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; tCBF, total cerebral blood flow.

###### 

Correlation of psychometric testing with pulse pressure and cerebral blood flow variables

                     MMSE   Clock
  ------------------ ------ -------
  Pulse pressure     0.63   0.46
  BA                 0.01   −0.10
  Right ICA          0.41   0.48
  Left ICA           0.64   0.55
  Right MCA          0.33   0.19
  Left MCA           0.61   0.54
  Right + left MCA   0.53   0.42
  tCBF               0.52   0.47

**Note:** FAST score was not used due to its categorical nature.

**Abbreviations:** MMSE, Mini-Mental state examination; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; tCBF, total cerebral blood flow.

###### 

FreeSurfer volumetric analysis for hippocampal regions of interest

              Absolute left-hippocampus volume   Absolute right-hippocampus volume   Relative left-hippocampal volume   Relative right-hippocampal volume
  ----------- ---------------------------------- ----------------------------------- ---------------------------------- -----------------------------------
  AD          2841 ± 384                         3003 ± 363                          1.83 ± 0.27                        1.94 ± 0.26
  NDC         3477 ± 385                         3461 ± 296                          2.41 ± 0.27                        2.40 ± 0.24
  *P* value   0.006                              0.017                               0.0008                             0.003

**Notes:** Mean ± standard deviation for absolute (columns 2 and 3) and relative (columns 4 and 5) left and right hippocampus volumes for AD patients and NDC subjects. Group difference significances are given in row 4. The relative hippocampus volume was with regard to the total intracranial volume multiplied by 1000 (which will not affect the assessment of the statistical significance).

**Abbreviations:** AD, Alzheimer's disease; NDC, nondemented control.
